ABSTRACT: The Brey model is one of the most frequently used methods to obtain a quick estimate of the secondary production (P) of an area. It is based on an empirical relationship between the production/biomass (P/B) ratio and the (annual) mean weight (W) of the individuals of a population. Estimates of P/B by this model are frequently obtained by using only single measurements of W and B, thus circumventing tedious efforts required by conventional methods. The obtained P values of communities are sums of estimates made for individual species. Any constraints of the model can be fully understood only by evaluating it for single-species populations. Using an extensive data set obtained by monitoring a population of the bivalve Macoma balthica for 33 yr, we evaluated the model by comparing Brey model estimates of P and P/B with direct annual estimates. We corroborate the basis of the model by presenting a significant relationship between observed annual values of W and P/B. The model satisfactorily predicted P when late-winter (but not late-summer) assessments of W and B were used. The model underestimated P/B in the years with high mortality rates (Z), whereas it overestimated P/B in almost all other years. Z values were a better basis for predictions of P/B than W values. The model could predict P/B well on the exclusive basis of W due to the significant correlation between W and Z (low Z values resulted in older and thus heavier individuals). Multi-year averages of model-predicted and observed P/B estimates were similar only when predictions were based on late-winter or annual (not on summer) estimates of W and B. In conclusion, the model cannot be recommended for precise and unbiased P estimates in a single species when no more than a once-only assessment of W and B is available.
INTRODUCTION
An assessment of the annual production of a population or a community is a time-consuming endeavor that involves the collection of a long series of data on numbers and weights of individuals. To avoid this laborious task of obtaining a series of growth and/or survival estimates on populations, it is tempting to simply calculate production (P) from much easier obtainable values of biomass (B) by application of published or estimated production/biomass (P/B) ratio values. Several examples of the use of such a short-cut procedure for marine benthos were published in recent years, including Reiss et al. (2009) , Neumann et al. (2009) , Bolam et al. (2010 Bolam et al. ( , 2011 , Wong et al. (2011) and Kedra et al. (2013) . However, the accuracy and possible bias of the estimates of P ob tained in this way are virtually unknown and appear to have been evaluated only rarely. Notable exceptions are the evaluations for 3 species by Mistri et al. (2001) and for 5 species by Dolbeth et al. (2005) , and the worldwide re views by Cusson & Bourget (2005) and Petracco et al. (2012) .
By collating data of >1000 populations of a wide range of invertebrate species, Brey (1990 Brey ( , 1999 Brey ( , 2001 empirically established relationships between P/B and mean individual weight, W (a logarithmic relationship) and between P/B and annual instantaneous rate of mortality, Z (a linear relationship: P/B = Z). Estimation of Z as a time-saving shortcut to estimation of P/B is not a real help, as assessments of mortality rates involve laborious collection of series of data on numerical densities. Robertson (1979) proposed the use of life span, which declines with increasing Z. From a review of available data for marine macrozoobenthos, he found the expected negative relationship between P/B and life span. However, the usefulness of life span as a predictor of P/B is limited, because estimates of life span depend, among other factors, on the accuracy of age determinations and the applicability of a literature-derived longevity estimate (mostly from a different population) for the population studied. Furthermore, life span is an ill-defined parameter that is biased by research effort: the more individuals are aged, the higher the chance of encountering an older specimen (Beukema 1989) .
The relationship between P/B and W (Brey 1990 ) offers a real shortcut for the prediction of P/B. Species or populations that are characterized by relatively small individuals with relatively low individual weights show relatively high values of Z and P/B. It has been proposed that the relationship between P/B values and body weight can be assessed using maximal weight (Tumbiolo & Downing 1994) , weight on reaching maturity (Banse & Mosher 1980) or mean weight of all individuals within the population (Schwinghamer et al. 1986 , Brey 1990 , 2001 . Again, there are some limitations: (1) estimates of maximal body weight suffer from the same possible bias as those of life span; (2) the exact time of reaching maturity may be somewhat arbitrary; and (3) estimates of weights or ages obtained from the published literature may not be fully representative for the population studied. In the following, we limit our appraisal to the mean-individual-weight method proposed by Brey (2001) for 2 reasons: (1) the Brey model is now used more frequently than other models, and (2) it performed better than any other empirical model for the prediction of P/B or P values in tests by Cusson & Bourget (2005) and Dolbeth et al. (2005) . On the other hand, Mistri et al. (2001) found the predictions of P by the method proposed by Tumbiolo & Downing (1994) superior to those by other indirect methods, but this model proved to be the worst performing one in the test by Cusson & Bourget (2005) .
The aim of the present study was to evaluate the Brey (2001) model for a specific population of a macrozoobenthic species: Macoma balthica (L.), which was monitored for a long period in an extensive intertidal Wadden Sea area. Though the Brey (1990 Brey ( , 2001 ) model is based on (mostly) annual estimates of the population parameters W and B, it has frequently been used to estimate annual P from a single assessment of these 2 parameters. In logarithmic form, the relationship Brey found was linear and approximated log P/B = −0.5 − 0.25 log W. The exact magnitudes of the included term of about −0.5 and factor of about −0.25 depend on such factors as temperature, depth and group of animals concerned (see Brey 2001) . Figures reported in the literature for the exponent of W are usually within the range −0.25 to −0.33, but there is an insufficient theoretical basis for adopting a fixed value (Van der Meer 1998), such as proposed by Sprung (1993) and Roa & Quinones (1998) . Because the above relationship between P/B and W is an empirical one, and thus is a best fit of data re presenting several populations of many different species, data of any single population would not exactly match the relationship. Brey (1990) was aware of this limitation and recommended the use of his method only for communities with at least 5 species. Nevertheless, we considered it a worthwhile exercise to evaluate this model for a population of a single species. We aimed to better understand (1) why values of W can provide fair estimates of P/B, (2) how precise these estimates are, and (3) whether differences between Brey estimates and actual P or P/B values can be predicted. In essence, Brey estimates of P for a community are sums of a number of singlespecies estimates. Therefore, we think that a full understanding of the Brey model should start with detailed single-species studies. For instance, if Brey estimates for single species were biased in similar ways, their sums would be.
To this end, we explored to what extent our data set on the bivalve Macoma balthica on Balgzand (Dekker & Beukema 2007) 
MATERIALS AND METHODS

Data collection
Since the 1970s, the macrozoobenthos community has been monitored at 15 fixed sampling sites at a 50 km 2 tidal-flat area called Balgzand in the westernmost part of the Dutch Wadden Sea (at about 53°N and 5°E). The monitoring program comprised twiceannual (late-winter: mostly March, and late-summer: mostly August) estimates of numbers and biomass of all macrobenthic (retained on 1 mm sieves) animal species. We used the data on Macoma bal thica collected for a period of 33 yr (1978 to 2010) . The sampling sites were scattered (almost) randomly over the Balgzand area. The individual sites differed in elevation (relative to mean sea level) and sediment composition. Together they covered the entire intertidal depth range and all sediment types. Because of the (nearly) random distribution of the sampling sites over the area, the 15 site averages may be considered as fair estimates for the entire Balgzand population. Details on sampling sites and methods can be found in earlier publications (e.g. Beukema & Cadée 1997) .
Abundance is expressed in ind. m −2
, B in g ash-free dry mass (AFDM) m −2 and P in g AFDM m −2 yr −1
. All Macoma balthica were sorted from the sieved samples, measured and opened by short immersion in boiling water to remove the soft parts. These were dried (2 or 3 d at 60°C in a ventilated stove), weighed (individually or per 1 mm shell-length class) and incinerated. AFDM is dry weight minus ash weight. The shells were assigned to age classes by external examination of the number of year marks on the shell, following Lammens (1967) . We are confident that the marks read were truly annual, because strong cohorts could easily be traced as peaks in the length-frequency distributions for several years after their appearance.
Estimation of production
For assessments of actual values of somatic P, we chose the weight-increment summation method as described by Van der Meer et al. (2005) , using weight increments (or diminutions) between 2 sampling times per year: in late winter at minimal seasonal values of individual weight and biomass and in late summer at maximal values. For each half-year period and each age class, and at each of the 15 sites, separate P values were estimated by multiplication of the mean N over the period by the change in W during that period. The age-class estimates were added to obtain population estimates for each of the 15 individual sampling sites. In the present paper, we only report averages of the 15 separate site values to represent Balgzand-population P estimates. Annual net production represents the March to March period and is the sum of 2 successive seasonal estimates, i.e. March to August (growing season with mostly positive values) and August to March (weight-loss season with mostly negative values). More detailed production data can be found in Dekker & Beukema (2007) .
This method of assessing annual production by summing seasonal production estimates is superior to calculations using only once-per-year estimates of numbers and individual weights (as explained by Dekker & Beukema 2007) . Sampling more frequently than twice annually would certainly have resulted in more precise estimates of annual P, as shown in a simulation study by Cusson et al. (2006) . They show ed that both bias as well as random errors declined with sampling frequency. More frequent sampling proved to be not practical for a long-term field study (lasting for decades) with several sampling sites. A further limitation of our study was that we did not succeed in estimating production of spat-sized animals (see Dekker & Beukema 2007 
The Brey model
We simplified the multi-parameter model (version 4-04) of Brey (2001) to log P/B = −0.205 − 0.238 log M (in which M is mean individual weight expressed in kJ). Because we prefer weight units, we converted the above equation to log P/B = −0.52 − 0.238 log W, in which W is mean individual weight expressed in g AFDM, using 1 g AFDM = 23 kJ, according to Beukema (1997) . To apply to an intertidal infaunal bivalve population in the western Wadden Sea, where the mean annual water temperature is 10.5°C (Van Aken 2008), we filled in the following factors: water depth, D = 1, subtidal SubT = 0, infauna In-Epi = 1, motile MoEpi = 0, Taxon1 = 0, Taxon2 = 0, Taxon3 = 0, Habitat1 = 0 and temperature, T = 10.5.
We did not use the recent artificial neural network model approach by Brey (2012) because inclusion of this model version would add little to the present analysis. According to Brey (pers. comm.) , the new model is subject to the same constraints as the older ones for a 1-species analysis and is not expected to yield 'better' results. The artificial neural network approach showed an only slightly better performance in predicting P/B for communities (Brey et al. 1996) .
For the Balgzand Macoma balthica population, we cal culated P/B ratio values according to the Brey (2001) model (version 4-04) for each of 32 years (1978 to 2010, but omitting 1988) . For each of these years, we separately calculated 2 P/B ratio values, namely for the W values observed in March and August. These sets of Brey-estimated P/B values were multiplied by the corresponding observed March and August values of B to obtain for each year 2 modelbased estimates of P, one entirely based on the March observations of W and B, the other on the August observations of these parameters. By using only data from a single sampling occasion (either March or August) for the Brey-model estimates, rather than available annual mean values of B and W, we mimicked the procedure generally followed by users of the Brey model.
Statistics
Statistical tests were used to indicate levels of significance of observed relationships. We used Pearson correlation values for relationships between nontransformed data. Generally, frequency distributions of these data were close to normal. In cases of doubt, we checked p-values by the non-parametric Spearman rank correlation test.
RESULTS
Long-term data series on the studied population
During the 33 years of the 1978 to 2010 period of observation, the population of Macoma balthica on Balgzand was far from constant and showed both substantial year-to-year variability as well as significant long-term trends (Fig. 1) . We do not show standard errors in Fig. 1 , because these would represent only the substantial (but consistent from year to year) differences between the 15 sites. The intention of Fig. 1 is to show interannual variation of the various estimates for the Balgzand area as a whole.
Numerical densities (Fig. 1A) , B (Fig. 1B ) and annual P (Fig. 1C ) tended to increase more or less regularly until the late 1980s or early 1990s, and then decrease to reach low values in the late 2000s. These trends run parallel at all sampling sites. The conspicuous downward trend of recent years can be explained by the consistently low levels of annual recruitment after 1991 (Beukema et al. 2009 ) and the enhanced mortality rates that occurred for a 7 yr period around 2000 (Fig. 1F ). Mean weights were reduced during the period of high mortality and some subsequent years ( Fig. 1E ). They fluctuated around 0.04 g AFDM ind.
-1 until the mid-1990s, and around 0.025 g AFDM ind.
−1 afterwards, only returning to the original level in 2010.
Until the late 1990s, the observed annual P/B ratio values (Fig. 1D ) were relatively constant, fluc tuating mostly within the range of 0.3 to 0.7 yr −1 . These values occurred at production levels ranging mostly between 1 and 3 g AFDM m −2 yr −1 (Fig. 1C ). However, in most of the more recent years, and particularly during the 7 years with high mortality (1999 to 2005), P/B values were elevated, with several values exceeding 0.7 yr −1 (Fig. 1D ). Such high ratio values were rarely reached before 1999. The elevated ratio values for the 1999 to 2005 period occurred at much lower levels of P than in the foregoing period: ≤1 instead of ~2 g AFDM m −2 yr −1 (compare Fig. 1C ). Thus, the high P/B values observed during this period were not due to high P (see Fig. 1C ) but to very low B values (see Fig. 1B ).
The extremely low P/B value of < 0.2 yr −1 in 1988 was considered an outlier. It was so low because of an exceptionally low (relative to B) estimate of P in that year (Fig. 1C) , caused by strong individual weight losses of adult Macoma balthica in the 1988 to 1989 winter half-year. In the following, the values of P and P/B for 1988 are omitted. For the remaining 32 years, the long-term mean of observed P/B values (± SE) amounted to 0.62 ± 0.04 yr −1 . There was a clear connection between annual Z and annual P/B ratio values: note the similarity of the long-term patterns in Fig. 1D ,F. These patterns were more or less mirrored in Fig. 1E showing W. In 1980 1985 1990 1995 2000 2005 2010 1980 1985 1990 1995 2000 2005 2010 1980 1985 1990 1995 2000 2005 2010 1980 1985 1990 1995 2000 2005 2010 1980 1985 1990 1995 (Fig. 2A) . The best linear fit was close to a 1:1 relationship (dotted line in Fig. 2A Fig. 4 ; p < 0.001, n = 32).
Comparison of Brey estimates of P with observed values
The 2 sets of model-calculated values of P ( , respectively (32 yr mean ± SE). The mean deviation amounted to 0.09 ± 0.12 g AFDM m −2 yr −1 and this difference between calculated and observed values of <10% was statistically non-significant (t-test and sign test: the Brey model values of P were higher than the directly observed values in 18 and lower in 14 years).
The Brey model estimates of P that were based on August observations of W and B differed more from the observed annual values and positive deviations were significantly more frequent than underestimates (27 versus 5 years, p < 0.01, sign test). The long-term mean of 2.34 ± 0.28 g AFDM m −2 yr −1 was substantially (almost 50%) and statistically significantly higher than the long-term mean of observed values of 1.61 g AFDM m −2 yr . In 28 years, the Brey estimates that were based on August data were higher, and in only 4 years they were lower than the Brey estimates that were based on March data (p < 0.001, sign test). On average, August estimates were 2.34/1.70 = 1.38 times higher than March estimates. This difference arose mainly from the onaverage 1.67 times higher biomass values observed in August than in March and was only partly compensated by the slightly lower means of Brey- , respectively. Expressed as a proportion of the observed values for the same years, the deviations of the Brey estimates for P from observed annual values ranged from −47 to 104 (mean 12 ± 7%) for estimates based on March observations and from −31 to 135 (mean 44 ± 8%) for those based on August observations (Fig. 3B) . Thus, underestimates by the Brey method amounting to less than half of the observed values did not occur, but overestimates of > 50% were frequent, especially for August data, viz. in 15 out of the 32 years (March data: 7 out of the 32 years). Even overestimates of P exceeding 100% occurred, particularly when August data were used.
The Brey model overestimated P particularly in years characterized by low Z values, whereas underestimates were relatively frequent in years with high values of Z (Fig. 3B ). For the estimates based on August observations of B and W (open points and dashed line in Fig. 3B ), the negative linear relationship between the deviations from observed values and Z was statistically significant (Pearson r = −0.60, n = 32, p < 0.001). For the March data, the relationship was also negative, but non-significant (r = −0.27, n = 32, p > 0.1). Note in Fig. 3B that for the August data the rare underestimates by the Brey model were nearly restricted to the few years with exceptionally high values of Z (> 0.75 yr −1 ).
Reliability of P/B estimates from data on individual weights
The basic assumption of the Brey model is the negative relationship between P/B and W, being linear on a log scale. This relationship as described by Brey (2001) is depicted by a dashed line in Fig. 4 : log P/B = −0.52 − 0.24 log W. In the following, we studied the relationship between observed annual mean values of W and P/B and no longer used seasonal values of W and B (as we did in Fig. 3 to mimic the usual procedures by users of the Brey model). The annual values of P, W and B were derived from seasonal data as described in 'Materials and methods'.
We found a significantly negative relationship between observed annual means of W and observed values of P/B of the same year (Pearson r = −0.59, Spearman r = −0.58, n = 32, p < 0.001). However, the observed values did not strictly follow the model: the decline of P/B with increasing W was significantly steeper in the Macoma balthica population than in the Brey model. At low W values, observed P/B values were higher than the model estimates, and at high W values they were mostly lower (Fig. 4) . As stated above, in theory for balanced populations (and confirmed in practice for the present population; Fig. 2A Fig. 1F ). In all of these years with elevated Z values, observed P/B values (open points in Fig. 4) were higher than the Brey estimates (which were based on W). On the other hand, nearly all of the observed P/B values for the other 25 years (with less aberrant Z values) were lower than the Brey model estimates for these years: nearly all of the solid points in Fig. 4 were situated below the Brey model line. Note in Fig. 4 that the best-fit lines for the 2 sets of observations as well as Brey model estimates run more or less in parallel, their different levels being determined by different mortality rates.
An obvious conclusion is that the Brey model would yield correct predictions of P/B exclusively if Z values were within a certain range -somewhere between 'high' and 'low'. Close-to-nil differences between Brey-predicted and observed P/B values indeed occurred in some years with intermediate Z values of between ~0.4 and 0.7 yr −1 (Fig. 5A ). On average, the departures of Brey values from reality were nil at a Z value of ~0.7 yr −1 (from best-fitting linear relationship in Fig. 5A ). For years with such rates of mortality, the chances of finding either over-or underestimates of P/B by the Brey model roughly balanced. When mortality rates were lower, W became higher (because mean ages and thus weights rise at low mortality) and accordingly Brey-predicted P/B values became lower, but not to a sufficient extent (Fig. 4) , resulting in overestimates by the model of P/B and P for years with low mortality (Fig. 5A) . At higher mortality rates, the reverse was true. Only within a limited range of intermediate mortality rates did the Brey model yield (on average) unbiased estimates.
The long-term average of the deviations of Breypredicted P/B estimates (calculated on the base of annual means of W and B) from observed annual P/B values shown in Fig. 5A amounted to 0.07 ± 0.04 yr −1 (n = 32) and this mean did not significantly differ from 0. The reason why this mean deviation was so small (amounting to only about 11% of the long-term mean of observed P/B values of 0.62 yr −1 ) was that positive and negative values in Fig. 5A roughly balanced. For single years, however, differences of > 0.3 yr −1 (or > 50% of the long-term P/B mean) were frequently found: in 8 of the 32 years. When the 32 deviations were weighed irrespective of the + or − sign, they averaged to a substantial 0.18 ± 0.02 yr −1 or to 35 ± 5% of the observed values, both mean values differing significantly from 0 (p < 0.001, t-test).
As shown above ( Fig. 2A . This mean was significantly (p < 0.01, t-test with n = 32 + 32) smaller than the above mean difference of 0.07 ± 0.04 yr −1 between observed and Brey-calculated values of P/B. For single years, the differences between Z and observed P/B values (irrespective of the + or − sign) amounted to 0.13 ± 0.02 yr −1 (n = 32) or to 26 ± 4% (n = 32) of the observed values. Both averages were significantly smaller than the corresponding means shown above for the differences between Brey-calculated and observed P/B values of 0.18 yr −1 and 35%, respectively (t-tests with n = 32 + 32). Thus annual Z values predicted annual P/B values more precisely than the annual W values used in the Brey model calculations. Moreover, differences between Z and P/B were not significantly related to Z (Fig. 5B : the best linear fit did not significantly deviate from a horizontal line through the zero-difference point).
P/B values in other Macoma balthica populations
From the literature, data sets are available on mean individual weights, annual rates of mortality and assessments of P/B in many populations of several species. Brey (1990 Brey ( , 2001 ) used such data sets to establish an empirical relationship between W and P/B. We selected the 4 on Macoma balthica that included data on Z or allowed an estimate of Z (in addition to explicitly stated data on W and P/B).
A plot of the differences between observed and Brey-predicted P/B values against annual Z (Fig. 5C ) shows a satisfactory model prediction in 2 cases: Cr and WP for data taken from Cranford et al. (1985) and Warwick & Price (1975) , respectively. The point for the long-term averages of the present study (Pr in Fig. 5C ) fits closely as well. However, the Brey model substantially underestimated P/B in 2 other cases: MJ and CM for data taken from Madsen & Jensen (1987) and Chambers & Milne (1975) , respectively. As in the present study (Fig. 5A) , the underestimates by the Brey model occurred at relatively high values of Z (Fig. 5C ).
DISCUSSION
Secondary production
Measurements of secondary production are fundamental and indispensable in any attempt to quantify eco system functioning, including organic matter cycling and energy flow (Wong et al. 2011 , Dolbeth et al. 2012 . P can be estimated directly by the weightincrement summation method proposed by Winberg (1971) : P is the sum of growth increments of all individuals present in the population for at least part of the study period. Similar direct (and laborious) methods, such as the Allen plot and the removalsummation method, lead to basically identical results (Gillespie & Benke 1979) . As a consequence of some assumptions (e.g. on the course of the decline of numbers of cohort members between samplings), the precision of direct estimates is not perfect, but will be satisfactory in most cases (Cusson et al. 2006) . Direct methods are relatively simple and straightforward if separate cohorts can be distinguished. They require detailed knowledge of the course of numbers and weights of individuals assigned to cohorts (Van der Meer et al. 2005) . Because gathering this information is laborious, simplified methods that do not require direct information on growth and dynamics have been proposed. Among the numerous models proposed as a shortcut (listed in Dolbeth et al. 2012) , the model proposed by Brey (1990 Brey ( , 2001 appears to be the most commonly used one. This model estimates P/B from W values of the members of the population at a certain point in time. For an estimate of P, only single simultaneous measurements of W and B are required, resulting in a significant saving of labor and allowing for assessments of P over extensive areas at acceptable costs (e.g. Bolam et al. 2010 ).
Characteristics of the Brey model
The Brey model is empirical and was presented by Brey (1990) as such. Proposals for a theo retical basis appear to fail. Sprung (1993) argued that growth should depend on body size by a weight exponent of −0.25 (as do other physiological rates), but he admits that mortality rates would also affect P/B and that there is no fixed relationship between growth and mortality. Roa & Quinones (1998) argued that the relationship between W and P/B can be understood by growth following the von Bertalanffy growth equation, but they did not include the role of mortality. In a comment on that paper, Van der Meer (1998) showed that the reasoning by Roa & Quinones (1998) is flawed. Brey (1990 Brey ( , 2001 obtained the relationship between P/B and W that is the core of his model by indiscriminately collating a large number of data on populations of many species, usually obtained from short (1 yr) studies, followed by a calculation of the best linear fit of the relationship between P/B and W in logarithmic form.
The lack of a theore tical basis (compare Van der Meer 1998) combined with the origin of the best fit from an averaging procedure means that it has a serious limitation: there is only a small chance that the Brey model would exactly predict P or P/B for any specific population in a specific year. For Van der Meer et al. (2005) this was reason not to recommend the use of this model for separate species. At the first presentation of his model, Brey (1990) recognized the limitation and re commended the use of his model only for community estimates. If the model were used exclusively for estimating P for entire communities comprising many species, each with a substantial share of total biomass, its limitation might not be too serious. However, in practice, total biomass of communities is often dominated by only one or a few species, making precision of total P estimates strongly dependent on the correctness of the P/B estimates in these few species.
Tests of the Brey model
As far as we are aware, the Brey model has never been thoroughly tested for an extensive (multi-station or multi-year) data set on any specific population. The availability of a long data series on numbers and weights of members of cohorts in a population of Macoma balthica enabled us to estimate a set of values of P and P/B both directly by the weight-increment summation method for decades and by the Brey (1990 Brey ( , 2001 model. In this way, we could compare the outcomes for the same years of the 2 procedures, thus allowing an evaluation of the precision of estimates by the Brey (2001) model. Moreover, this exercise improved our insight into the basis of this model: though the basic relationship of the model between W and P/B is not obvious from a theoretical point of view, it proved to be fairly strong (r = −0.59 for the log-log correlation) and statistically significant (p < 0.001; Fig. 4 ). Similar negative relationships between W and P/B were published by Sprung (1993) for cohorts of 3 species.
The basis of the crucial relationship between W and P/B can be argued and largely understood. In a balanced population, biomass remains constant and production of biomass, P, thus equals biomass lost by, for instance, predation: elimination, E. Thus, a higher P/B means a higher P/E and thus also a higher value of Z (Allen 1971) . Brey (1999, his Fig. 12 ) empirically confirmed the linear relationship P/B = Z for a multi-species assemblage (compare also our Fig. 2A for a multi-year confirmation in 1 species). The expla nation for the observed relationship between W and P/B is that at high values of Z, few individuals reach a high age and thus a high weight. Consequently, values of W are low at high values of Z (compare Fig. 2B ) and P/B (as evidenced by Brey for a multi-species data set and in the present paper for a multi-year data set in 1 species in Fig. 4 ). Without offering a real theoretical basis, this reasoning nevertheless underpins the Brey model and was empirically shown by statistically significant relationships (Figs. 2 & 4) .
The above reasoning does not offer a complete theoretical basis for the Brey relationship between W and P/B, because it does not include any variability in growth rates (between species or years) at the same rate of mortality. If there were variability in growth rates at similar values of Z, a more rapid growth would result in a higher value of W at the same value of P/E (= Z) and of P/B (in balanced populations). Thus, variation in growth rates can result in variation in W (and consequently variation in Brey estimates of P/B) at the same real value of P/B. This means that the P/B values from the Brey model (which are in essence multi-species averages) are correct in any specific population only if in this population the values of W are related to P/B (and thus Z) in the same way as the multi-species averages on which the model is based. For the Balgzand population of Maco ma balthica, this was the case only in years with intermediate levels of mortality (Figs. 4 & 5A) . In the few years with extraordinarily high Z, the W-based Brey estimates were underestimates of P/B (the open points in Fig. 4 were all situated above the Brey line), whereas they were underestimates in nearly all other years. The more extreme the Z value was in a given year, the higher was the deviation of the Brey estimate of P/B from the real one (Fig. 5A ).
An important outcome of the present study is that the long-term mean of annual P/B values predicted from the Brey model hardly differed from that of observed P/B values: in Fig. 5C , the point indicated Pr is situated close to the dotted zero-difference line. Thus, not only an averaging procedure of W and P/B for several species (as conducted by Brey), but also averaging estimates for many years in only one species produced an acceptable (long-term) estimate of P in a single species.
The above conclusion should be put in perspective. The Brey model performed less satisfactorily for individual years: deviations of model-calculated from observed P/B values amounted to an average of 35% of the observed values, and in a quarter of the years they exceeded 50% of the observed values. The deviations from observed values were negligible only in the years when Z was between 0.4 and 0.6 yr −1 (Fig. 5A ). The Brey model overestimated P/B in most of the years (Fig. 4) . Only because of the occurrence of a restricted (7 yr) period of enhanced mortality rates within the total 33 yr period of observation were the above-mentioned long-term means of model-predicted and observed P/B values rather close, differing by only ~10% of the mean of observed values. Anyway, the long-term average of annual Z values in the studied population differed by only 1% from the long-term average of observed P/B. Estimates of Z would allow more precise estimates of P/B than those of W, in accordance with theory (see above).
Circumstances contributing to a satisfactory estimate of P/B and P by the W-based Brey model in the Macoma balthica populations may in clude:
(1) Though the M. balthica population was not really constant or balanced (Fig. 1) , the rate of change of biomass over the entire 33 yr period was limited to only about 0.1 g yr −1 -only a few percent of the long-term average biomass of ~3 g m −2 (Fig. 1B) . This relatively low rate of long-term change explains why the long-term mean of estimates of P/B that were based on Z were almost identical to the long-term mean of observed P/B values (which were based on the weight-increment summation method): because the long-term mean of P/B of the population was close to that of P/E and P/E = Z.
(2) The Balgzand M. balthica population showed a significant correlation between the observed annual values of Z and W (Fig. 2B) . Then, not only annual values of Z are expected to provide a fair prediction of annual P/B (as shown in Fig. 2A ), but also annual values of W should do (and did: Fig. 4) . Note in Fig. 2A that the linear best fit of the relationship between P/B and Z was close to the 1:1 line and that the scatter of the separate annual points was rather limited. The reason why the Brey model worked satisfactorily might be that the variability in W was largely founded on variability in Z (and not on variability in growth rates), which largely determines variability in P/B.
In practice, an awkward problem with the use of the Brey model may be that its outcome changes with the season of data collection. In the course of a growing season, individual mean weights of cohort members increase and Brey model estimates of P/B are then bound to decline. Usually, the resulting decline of annual P (= B × P/B) estimates will be compensated more or less by a biomass increase in the growing season. In the Balgzand population of Macoma balthica, seasonal increases of B were found to over-compensate for the seasonal declines of model estimates of P/B. This resulted in much higher (on average by 38%) model estimates of annual P values when August rather than March observations of W and B were used (Fig. 3A) . Thus, the sampling season matters for Brey-model-based estimates of P, which are intended to be estimates of annual production. The long-term means of model estimates that were based on March data (as contrasted to August data) were close to long-term means of observed annual values. Thus, for Brey estimates of P for the Balgzand population, the use of March (or of annual) sampling data of W and B is preferable.
So far, the Brey model has been evaluated only for communities with 5 or more constituent species. Brey (1990) as well as Dolbeth et al. (2005) showed 4 comparisons between model-estimated and observed P values. In 7 of these 8 cases, the deviations were acceptable (<~10% of the observed values). In individual species, however, unsatisfactorily high deviations (estimates that were either more than double or less than half of the observed values) were frequent: in 17 of the 50 cases. In the present study, we found such substantial deviations in 5 of 66 cases (Fig. 3B) . Brey (1990) thus rightly recommended using his model only for communities with a sufficiently high number of species (he suggested at least 5) that are not dominated by a species with an extraordinarily high share of the total biomass (such as mussel beds).
Conclusions
The present study yields more conclusions that are relevant for an understanding of the Brey (2001) model and its constraints when applied to a single species:
(1) We found a rough corroboration of the negative logarithmic relationship between P/B ratio values and W (mean weights of the individuals in the population) on which the model is based (Fig. 4) and conclude that (in Macoma balthica) the model is sound.
(2) In the Brey model, any W value corresponds with a P/B estimate that represents an average of (mostly 1 yr) estimates for a high number of populations of different species. Whether such a P/B estimate is correct in any particular population of 1 species would depend on the magnitude of the annual mortality for the particular population (Fig. 5) .
(3) In the Brey model (and in any model that derives P/B exclusively from body weight) a term that accounts for variation in mortality is lacking. This lack explains a substantial part of the reported deviations of Brey estimates from observed P/B values ( Fig. 5A) : at high mortality, the Brey model yields underestimates of P/B, whereas in periods (or species) characterized by relatively low mortality, Brey estimates will be positively biased.
(4) Direct measurements of annual Z would yield better (non-biased and more accurate) estimates of P/B ( Fig. 2A) than W (Fig. 4) . Thus, repeated samplings that yield a series of Z estimates are preferable to those that yield measurements of only W. In Macoma balthica, the relationship between W and Z proved to be rather loose (Fig. 2B) .
(5) Averaged over a period of decades, the longterm mean of model estimates of P for the population of Macoma balthica was close to the mean of directly observed P values. Therefore, the model may be used for individual species if measurements of W are available for a large number of years (with sufficient variability of Z).
(6) However, there is a restriction to the above conclusion: this was the case only when model calculations were based on data collected in late winter (at minimal values of B). Summer data (with much higher B) yielded substantial overestimates of P in most years (Fig. 3) . If this were the case in all or most species, an adaptation of the use of the Brey model (which is based on annual estimates) would be needed to account for the influence of season on B and W. Such an adaptation (requiring assessments of annual values of B and W) would undo an important advantage of the use of the Brey model, as it would require a much higher sampling effort. 
